Abstract The Sierra Nevada of California is a region where large forest fires have been suppressed for over a century and future climate warming has the potential to alter vegetation cover and surface water runoff. A detailed geographic record of recent changes in vegetation cover across the Sierra Nevada remains a gap that can be filled with satellite remote sensing data. Results from Landsat image analysis over the past 25 years in the Upper Kings River basin showed that consistent increases in the normalized difference vegetation index (NDVI) have not extended above 2000 m elevation. Moreover, mean increases in NDVI since 1986 at elevations below 2000 m (which cover about half of the total basin area) have not exceeded 9 %, even in the most extreme precipitation yearly comparisons. NDVI has decreased significantly at elevations above 2000 m throughout the basin in relatively wet year comparisons since the mid-1980s. These findings conflict with any assumptions that evapotranspiration fluxes impacting river flows downstream have been altered mainly by vegetation change over most of the Upper Kings River basin in recent decades.
Introduction
Surface air temperatures have been warming in certain regions of California since the 1950s (LaDochy et al. 2007 ). Climate changes detected in the Sierra Nevada mountain region have been attributed mainly to minimum daily air temperature, which has increased by 3.8°C over the 20th century and accelerated primarily in two multi-decadal periods, from 1920 to 1940 and from 1976 to 2000 (Millar et al. 2004) . Because California obtains most of its water from snow melt in the Sierra Nevada, the impacts of continued surface warming in this mountain region have been projected to reduce runoff into the rivers that supports cropland irrigation and urban water requirements for the state's valley and coastal regions (Seager et al. 2013 ).
Changes in sub-alpine vegetation growth and species distribution with elevation have been reported in association with recent climate trends in the mountainous areas of California dominated by shrubland vegetation (Kelly and Goulden 2008) . Precipitation time series analysis of Sierra Nevada forest greenness has shown a transition from water limitation at low-to-mid elevations to cold temperature limitation at higher elevations (Trujillo et al. 2012) . Specifically, variations in maximum snow accumulation between 1982 and 2006 could explain over 50 % of the interannual variability in peak forest greenness across the Sierra Nevada region, with an optimum relationship at elevations between 2000 and 2600 m. Goulden and Bales (2014) reported that loss of soil water to evapotranspiration (ET) by California sub-alpine vegetation will be accelerated by future climate warming in the Sierra Nevada region. This study concluded that stream runoff is highly sensitive to vegetation distributions in the Upper Kings River basin of the Sierra, and that warming predicted for the year 2100 would increase average basin-wide ET by 28 % and decrease water flow downstream in the Kings River by 26 % in the basin. Negative consequences for hydroelectric power generation and sources of irrigation of water for agriculture in California's Central Valley were implicated.
Annual vegetation ET flux for the study area was computed by Goulden and Bales (2014) from a regression relationship with the satellite normalized difference vegetation index (NDVI). Missing from this study, however, was a throughout background analysis of changes in NDVI across elevation gradients of the Upper Kings River basin over the past three decades. If NDVI has not changed markedly across the basin since the mid-1980s to the present, then any predicted increase in ET and decreased runoff flows in the Kings River basin would be weakly supported by the inconclusive trends in vegetation cover change with recent past climate warming.
The Landsat satellite sensor has been shown to be an effective means to monitor large-scale change in green vegetation cover and forest productivity, especially following disturbance in remote mountain areas of the western U. S. (Collins and Woodcock 1996; Amiro et al. 2000; Rogan and Franklin 2001; Rogan et al. 2003; Fischer et al. 2004; Epting and Verbyla 2005; Cuevas-Gonzalez et al. 2009; Casady and Marsh 2010) . Results from Landsat image analyses have shown that canopy green cover typically increases rapidly over the first 5 years following a stand-replacing disturbance, doubling in value by about 10 years after the disturbance, and then leveling off to approach pre-disturbance (mature) stand values by about 25-30 years after the disturbance event (Potter 2014) .
In the present study, Landsat satellite imagery at 30 m ground resolution was analyzed for the Upper King River basin to determine if NDVI had changed significantly across the basin since the mid-1980s. The objective of this study was to provide a detailed geographic record of vegetation green cover change for the basin from 1986 to 2013, which remains a gap in knowledge about the watershed. Any changes in NDVI detected may be affecting basin-wide ET fluxes and altered river flow downstream. The study design controlled for annual precipitation amounts, elevation gradients, and vegetation age since the last stand-replacing (wildfire) disturbance.
Study area description
The Upper Kings Basin (defined by the U. S. Geologic Survey 8-Digit Watershed Boundary Dataset -HU08 18030010; Seaber et al. 1987 ) is located on the western slope of the Sierra Nevada mountains in central California (Fig. 1) . The basin extends from low elevations of around 260 m at Pine Flat Dam to the Sierra Crest at over 3900 m elevation. It has a drainage area of approximately 4000 km 2 , and averages 80-100 cm of annual precipitation, 90 % of which falls in the winter and spring months (Nov -Apr). Precipitation increases with elevation to around 500 m, where it begins to level off (Hunsaker et al. 2012) . Leaf area, canopy height, and biomass vegetation peak at mid-elevation, and are reduced at upper and lower elevations Goulden and Bales 2014) .
The basin area coverage is 40 % Sierra and Sequoia National Forest, 46 % Kings Canyon and Sequoia National Parks, 5 % Ansel Adams and John Muir National Wilderness. The predominant vegetation cover types are: evergreen forest between 1000 and 3000 m, barren outcrops above 3000 m, riparian woodlands and shrublands along the river bottoms above 1000 m, and herbacecous grasslands in the lower basin below 1000 m (Fig. 2) .
River flow inputs to the Pine Flat Reservoir (36.833°N, −119.325°W) from the Upper Kings basin have been recorded since 1994 (Fig. 3a) . Daily flow data confirm the predominant regulation of annual runoff amounts in this basin by variations in water year precipitation. Because winter precipitation has been so variable in Central California since the early 1990s ( Fig. 3b ), there were no apparent trends in flow inputs to the Pine Flat Reservoir over the past 20 years that could be conclusively linked to consistent surface temperature warming or related vegetation changes with increasing elevation. 
Methods
Near cloud-free imagery from the Landsat Thematic Mapper (TM) sensor was selected from the years 1986 to 2013 from the US Geological Survey Earth Explorer data portal (http:// earthexplorer.usgs.gov/). TM image data from path/row 42/34 were consistently acquired for a anniversary window between June 20 and July 15 each year, around the peak of the Sierra Nevada growing season (Potter 2014 ) to minimize variation caused by seasonal vegetation fluxes and sun angle differences.
All images used in this study were acquired by Landsat TM sensors, geometrically registered (UTM Zone 10) using terrain correction algorithms (Level 1T) applied by the U. S. Geological Survey EROS Data Center, and then converted to at-sensor reflectance following the algorithms from Chander et al. (2009) . No further corrections for atmospheric scattering were applied, since the reflectance indices used in this study employed the NIR wavelengths that are minimally affected by atmospheric scattering (Avery and Berlin 1992) , especially during the summer months for the Sierra Nevada study area (Miller et al. 2009 ).
Landsat data sets from the relatively wet water years of 1986, 1995, 2005, and 2010 and the relatively dry years of 1990, 2001, 2007, 2013 , defined by peak annual snow water equivalents for the Sierra Nevada region by Trujillo et al. (2012) , were processed for comparison. NDVI (scaled from 0 to 1) was computed for all Landsat images as the differential reflectance between the red and near-infrared (NIR) portions of the spectrum by the equation:
where NIR is the reflectance of wavelengths from 0.76 to 0.9 μm and Red is the reflectance from 0.63 to 0.69 μm. Advantages of NDVI for the purpose of vegetation monitoring have been cited in its mathematical simplicity and ease of comparability across numerous multispectral remote sensing platforms (Lentile et al. 2006) . Low values of NDVI (near 0) indicate These transect locations were carefully placed expressly to cover each of the main forks of the Kings River drainage and to terminate at a known mountain ridge on the Sierra Crest above 3000 m elevation.
Areas burned by wildfire within the basin were delineated from the database compiled by the California Department of Forestry, Fire and Resource Assessment Program (FRAP), with contributions from the USDA Forest Service, the Bureau of Land Management, and the National Park Service (data available at http://frap.cdf.ca.gov/). Elevation at 1 arc-second resolution was derived from the United States Geological Survey (USGS) National Elevation Dataset (NED).
Vegetation cover types within the basin were determined based on the USDA National Agricultural Statistics Service (NASS), California Cropland Data Layer (CDL) from 2012 (available at http://nassgeodata.gmu.edu/CropScape). The CDL is a raster, geo-referenced, crop-specific land cover data layer with a ground resolution of 30 m. The CDL is produced using satellite imagery from the Indian Remote Sensing RESOURCESAT-1 (IRS-P6) Advanced Wide Field Sensor (AWiFS) collected during the current growing season.
Results
Differences in Landsat NDVI over more than 20 years across the Upper Kings River basin showed that changes in vegetation cover greenness with elevation were strongly dependent on both annual precipitation and years since fire (Fig. 4) . The comparison of the relatively dry years of 2013 and 1990 indicated that increases in NDVI of>0.1 units were confined mainly to the Middle Fork and South Fork King River drainage bottoms and numerous areas burned by wildfires in the 1960s to 1980s on the main stem of the Kings River below 1500 m elevation (Fig. 4a) . One notable area of increase (>0.1 units) in NDVI between these relatively dry years was along the North Fork of the King River near Smith Meadow in the Sierra National Forest (just north of 36.95°N, −118.97°W).
Notable areas of decrease (< −0.05 units) in NDVI between these relatively dry years were within the burned area perimeters of the Williams, Tehipite, and Sheep Complex fires of 2003, 2008, and 2010, respectively . Since FPAP fire perimeter mapping has been shown to underestimate burned areas of chaparral in shrubland areas of the state (Schwilk and Keeley 2012) , many more of the detections of a change in NDVI between consistently dry or wet periods could be a function of small wildfire impacts over the past three decades in basin. (Fig. 4b) indicated that increases in NDVI of>0.2 units were confined to mainly to small areas around Crown Ridge (36.97°N, −118.87°W) at 2900 m elevation in the John Muir Wilderness area. Most areas of the basin above 1500 m elevation showed declines in NDVI between these relatively wet years, except along the King River drainage bottoms where riparian woodlands would have had ready access to snow melt and stream water to maintain growth. The Upper Dinley and Helms Creek areas in the North Fork drainage (around 37.16°N, −119.08°W) both showed extensive declines in NDVI (< −0.1 unit) between these relatively wet years, as did most wildfire perimeters burned throughout the basin since 1990.
The four elevation transects along which NDVI was sampled at 30 m resolution during representative dry and wet years between 1986 and 2013 enabled statistical analysis of changes in green vegetation cover. Comparison plots of the relatively dry years along these transects (Fig. 5) showed that the zones where NDVI increased progressively from 1990 to 2013 were most commonly located lower than 2000 m elevation. All four transects showed a clear separation of dry year NDVI values at elevation locations around 1500 m. Transect differences in NDVI were difficult to discern in the comparison plots of all four relatively wet years, and hence were not shown.
The statistical comparison of the yearly NDVI values sampled along all four transects confirmed that mean NDVI increased by small (but statistically significantly) increments, progressively from the relatively dry years since 1990 to 2013. However, mean NDVI increased only at elevations lower than 2000 m from the relatively wet years since 1986 to 2010 (Table 1) . Regression results for the difference in NDVI versus elevation (Fig. 6 ) along the four transects revealed that there was little detectable change over time in NDVI above 2500 m elevation in all the comparison plots of the relatively dry years, and that NDVI more frequently decreased (rather than increased) over time above 1500 m elevation in all the 
Discussion
The results of this study, derived from more than 20 years of Landsat image analysis, support the conclusion that the detectable changes in NDVI over time in the Upper Kings River basin have been strongly dependent on elevation, annual precipitation, and years since fire. NDVI increased significantly over time only at elevations lower than 2500 m in comparison of consistently dry periods, and NDVI more frequently decreased (rather than increased) at locations above 1500 m elevation in the 20+ year time-series comparison of consistently wet periods. This implies that predicted increases in ET and decreased runoff flows for the Kings River basin are weakly supported by the inconsistent trends in vegetation cover change during the past 25 years of climate change in the basin. Future changes in NDVI (and hence ET fluxes) across the Sierra-Nevada region are likely to be more dependent on the frequency of severe drought events and the extent of stand-replacing wildfires, than solely upon regionwide temperature warming projections. An explanation for the slightly greater increases in NDVI from the time-series analysis of consistently dry years (compared to consistently wet years) was offered by Trujillo et al. (2012) as the detection of denser vegetation canopies during lighter snowpack and earlier snowmelt years in the Sierra Nevada. Furthermore, Yeh and Wensel (2000) showed that winter precipitation and summer temperature of the same water year are the most influential climatic variables for annual growth prediction for coniferous tree species of northern California. This implies that lagged (multi-year) effects of extreme dry or wet years on NDVI changes would be minimal.
Areas of recent decrease in NDVI stood out in the basin-wide results within the perimeters of large wildfires from 2003 to 2010 across consistently dry or wet years. This was not necessarily a result expected based on previous post-fire studies in the region, since canopy green cover typically increases rapidly over the first 5 years following a stand-replacing disturbance (Viedma et al. 1996; Fraser and Li 2002; van Leeuwen 2008; Potter 2014) . It is worth noting that recent field studies by Collins and Roller (2013) and Goforth and Minnich (2008) have implied that sustained regrowth of mixed-conifer forests in southern California remains uncertain in areas affected by high severity, stand-replacing wildfires. This is particularly the case for the pine component within mixed-conifer forests. Vigorous regrowth response of shrubs, coupled with high frequencies of hardwood forest regeneration, suggest a long-term compositional shift of mixed-conifer forests of the Sierra Nevada. Furthermore, years with larger wildfires and the largest areas burned have been commonly characterized by lower winter and spring precipitation than years dominated by smaller area fires (van Wagtendonk, and Fites-Kaufman 2006) , reinforcing again the critical dependencies between and vegetation green cover (detected by NDVI), inter-annual precipitation, and area burned by wildfire in the study region.
Based on the measured NDVI-ET relationships (Goulden and Bales 2014) , it has been predicted that climate warming expected for the year 2100 in the Upper Kings River basin would Bthicken^vegetation cover and increase ET fluxes by 80 % between 2000 and 2700 m elevation, increase basin-wide ET by 28 %, and decrease water flow downstream in the Kings River by 26 %. In contrast, the results from Landsat image analysis over the past 25 years showed that consistent, significant NDVI increases have not extended above 2000 m elevation in the Upper Kings River basin, where cold temperatures presently limit the growing season (Trujillo et al. 2012) . Moreover, mean increases in NDVI since 1986 at elevations below 2000 m in the Upper Kings River basin (which cover about half of the total basin area and where precipitation presently limits the growing season (Trujillo et al. 2012) ) have not exceeded 9 %, even in the most extreme precipitation yearly comparisons. The findings from Landsat image analysis, that NDVI has decreased significantly (p<0.05) at elevations above 2000 m throughout the basin in relatively wet year comparisons, conflict with any assumptions that ET fluxes and river flows downstream could have been markedly altered by vegetation change over most of the Upper Kings River basin in recent decades. The current dynamics of NDVI change with elevation over most of the basin area would have to first reverse, and then accelerate notably, to begin to approach the year 2100 predictions for altered ET fluxes and river flows. Goulden and Bales (2014) acknowledged that their regression-based Bspace-for-timed esign used to infer possible effects of climate warming in the Upper Kings River basin on future ET and river flows was subject to shortcomings and caveats that required additional field observations to strengthen. These authors further stated that their NDVI-ET modeling approach, which was not grounded in a high spatial resolution time series analysis of NDVI changes over recent decades, could overstate the impacts of climate warming on ET if nonclimatic factors play a major role in regional vegetation changes. To this point, Potter (2014) reported that the causes of forest growth changes in the Sierra Nevada over the past several decades were highly variable from basin to basin, wherein stand-replacing wildfire can play a role by removing mature forest biomass and recycling plant nutrients for uptake by regenerating saplings. If, however, sparsely vegetated lands that result from (more) extensive forest fires do not regenerate rapidly (due to changing physical factors) into dense stands of young tree cover, then land use change opportunities, especially on private properties within National Forest lands of Central California, may be increasingly exploited for conversion to residential developments.
It should be acknowledged that extensive timber harvesting and salvage logging occurred in the 1980s and early 1990s on the Sierra and Sequoia National Forest lands within the Upper Kings River basin study area (U. S. Forest Service, 2013a, b). Since there has been much lower timber harvesting in the National Forests over the past two decades, the recovery of harvested areas with young regenerating forest stands would have had the overall effect of increasing NDVI levels on these lands.
Despite these effects of forest recovery from harvest, the Landsat record reveals that consistent increases in NDVI since the 1980s have not extended above 2000 m elevation in the Upper Kings River basin. NDVI has in fact decreased significantly at elevations above 2000 m throughout the basin in relatively wet year comparisons since the mid-1980s. These findings conflict with any assumptions that evapotranspiration fluxes and river flows downstream could have been markedly altered by vegetation change over most of the Upper Kings River basin in recent decades. Future studies of region-wide impacts of climate warming on potential changes in ET and runoff into the rivers that drain the entire Sierra-Nevada range can be conducted next by extrapolation of the image analysis methods described in this study.
